Effective light-driven conversion of CO 2 to formic acid with a hybrid system consisting of photocatalyst TiO 2 nanoparticle (P25), methylviologen (MV 2+ ) as an electron mediating molecule and biocatalyst formate dehydrogenase (FDH) in the presence of triethanolamine (TEOA) as an electron donating molecule was investigated. After 120 min irradiation with a Xe lamp (>300 nm), 152¯M of formic acid was produced in a CO 2 saturated buffer solution containing TEOA (300 mM), TiO 2 nanoparticles (6.8 mg¢L
Photoredox systems with an electron donating molecule (D), a visible-light sensitizing molecule (P), an electron carrier molecule (C) and a catalyst as shown in Figure 1 are widely used for light-driven energy conversion systems such as a hydrogen production, CO 2 reduction and so on. 15 This system is a simplification of the light-driven electron transfer process among photosynthetic dyes, electron mediators and catalysts in natural photosynthesis reactions. 6 Photosynthetic dye models, water soluble zinc porphyrins and ruthenium polypyridyl coordination complexes are useful visible-light sensitizing molecules in these systems. 79 In catalysts for light-driven energy conversion systems, some biocatalysts have received much attention. For light-driven hydrogen production, hydrogenase (H 2 ase) has been used as a hydrogen producing catalyst. 10, 11 For visible-light driven CO 2 reduction, various dehydrogenases such as formate (FDH) 11 and carbon monoxide dehydrogenase (CdH) 12 for the production of valuable organic compounds such as formic acid, 13 and CO 14 have been used as the catalyst. Among these dehydrogenases, FDH catalyzes the formic acid oxidation to CO 2 with the co-enzyme NAD + and catalyzes the CO 2 reduction to formic acid with co-enzyme NADH.
Especially, FDH from Candida boidini is commercially available and widely is used as catalyst in the light-driven CO 2 reduction. Thus, light-driven CO 2 reduction to formic acid is accomplished with the combination of NAD + /NADH redox coupling and FDH as shown in Figure 2(a) . However, the NAD dimer (NAD 2 ) is formed between the one-electron reduced form of NAD 
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NAD 2 is an inactive co-enzyme for FDH from Candida boidini. Thus, it is quite difficult to develop light-driven CO 2 reduction to formic acid with a system based on the combination of NAD + photoreduction by a visible-light sensitizing molecule and FDH. In contrast, some studies on the light-driven CO 2 reduction to formic acid with FDH using NAD + photoreduction by a catalyst via an electron carrier molecule such as rhodium complex or biocatalyst, ferredoxin-NADP + reductase (FNR) have been reported as shown in Figure 3 . 16, 17 In this system, NAD 2 formation is suppressed using the redox coupling rhodium 
complex. Even if the NAD
+ photoreduction to NADH could be accomplished, the affinity factors between native co-enzyme NADH and FDH such as Michaels-Menten constant K m , catalytic constant k cat and so on do not change. Thus, catalytic activity of FDH cannot be controlled in a photoredox system for CO 2 reduction. Especially, we found that the catalytic efficiency, k cat / K m value for the CO 2 reduction to formic acid was approximately 900 times lower than that of the formic acid oxidation to CO 2 , catalyzed with FDH using a native co-enzyme NADH or NAD + . 18 As the produced NADH acts as a sacrificial reagent in the photoredox system, moreover, the redox coupling of NAD + /NADH is not suitable for use in the photoredox system with FDH. Thus, redox coupling of a NAD + /NADH free system is desired for a photoredox system for CO 2 reduction with FDH.
As the amount of CO 2 in the reaction system as shown in Figure 3 was not determined, the yield of CO 2 reduction to formic acid was not estimated in the literature. The efficiency of formic acid production in a system using multianthraquinonesubstituted porphyrin (MAQSP) with chemically converted graphene as a visible-light sensitizer was the largest among those of W 2 Fe 4 Ta 2 O 17 and MAQSP. 16, 17 In contrast, light-driven CO 2 reduction to formic acid systems coupling the photoreduction of various 4,4¤-or 2,2¤-bipyridinium salts (4,4¤-or 2,2¤-BPs) with Ru(bpy) 3 2+ or water soluble zinc porphyrin and FDH have been reported. 1922 In this system, the single-electron reduced form of BPs acts as a coenzyme for FDH instead of NADH. Recently, we reported the kinetic parameters of the single-electron reduced form of various 4,4¤-2326 and 2,2¤-BPs 23,2729 for the CO 2 reduction to formic acid with FDH using an enzymatic kinetic analysis. From an enzymatic kinetic analysis, formic acid production from CO 2 only proceeds with FDH using single-electron reduced form of 4,4¤-BP 2+ . Thus, the formic acid oxidation to CO 2 is suppressed using oxidized form of 4,4¤-BP ) as an artificial co-enzyme for FDH, the formic acid production rate was increased more than 20 times compared with that of the reaction system using NADH. 23, 29 Moreover, single-electron reduced form of MV 2+ (MV •+ ) is easily produced from MV 2+ with the visible-light sensitization of an organic dye molecule.
To develop effective light-driven CO 2 reduction to formic acid systems coupling the photoreduction of BP with dye molecule and FDH, development and exploration of photocatalytic materials with highly photosensitizing function and high tolerance against irradiation are necessary. Among various photocatalytic materials, metal-oxide based semiconductor photocatalysts are widely used in hydrogen production systems due to light-driven water splitting. 3033 Recently, some studies on the light-driven CO 2 reduction to CO using a nano-size Ag immobilized semiconductor photocatalyst have been reported. 34 Moreover, some studies on the light-driven CO 2 reduction with a hybrid system of semiconductor photocatalyst and molecular catalyst such as Re complex with CO producing catalyst also have been reported. 35, 36 Ishihara et al. reported light-driven hydrogen production with the combination of TiO 2 nanoparticles, MV
2+
, and recombinant E. coli expressing [FeFe]-H 2 ase. 37 In this letter, it is shown that a biocatalyst and MV 2+ are not decomposed by the photocatalytic activity of TiO 2 nanoparticles with near UV light irradiation. Thus, we committed to semiconductor based photocatalyst TiO 2 nanoparticles as an effective photosensitizing material for a CO 2 reduction to formic acid system coupling the photoreduction of MV 2+ and FDH as shown in Figure 4 .
In this paper, to develop effective light-driven CO 2 reduction to formic acid, a hybrid system consisting of semiconductor based photocatalyst TiO 2 nanoparticles and biocatalyst FDH mediated MV 2+ photoreduction in the presence of TEOA as an electron donor was studied. In order to compare the light-driven CO 2 reduction to formic acid of water-soluble porphyrin and FDH with the present system, TEOA was used as an electron donor in this research. was measured with a Shimadzu Multispec-1500 spectrophotometer. For the measurement of TiO 2 absorption spectrum, TiO 2 thin layer film on a glass substrate was used. TiO 2 thin layer film on a glass substrate was prepared as previously reported. 40 Figure 5 shows the UV-vis absorption spectra of TiO 2 nanoparticle thin layer film on a glass substrate (dotted) and MV 2+ (solid) in 5.0 mL of 10 mM sodium pyrophosphate buffer (pH 7.4). The absorption peak of MV 2+ was located at 258 nm. In contrast, TiO 2 nanoparticle has a broad absorption band between 200 and 400 nm. In the presence of TEOA, MV was produced with the direct excitation of MV 2+ under UVlight. From the result of Figure 5 , to prevent direct reduction of MV 2+ , wavelengths greater than 300 nm of a Xe lamp with a cut-off filter were selected for the light-driven reductions of MV 2+ and CO 2 with photosensitization of TiO 2 nanoparticle. A solution consisting of TEOA (300 mM), TiO 2 nanoparticle (6.8 mg¢L ¹1 ) and MV 2+ (500¯M) in 5.0 mL of 10 mM sodium pyrophosphate buffer (pH 7.4) was deaerated by freezepump-thaw cycles repeated 5 times and the gas phase was replaced with N 2 or CO 2 gas. The sample solution was irradiated with a 400 W Xe lamp (SX-UI500XQ USHIO) at a distance of 5.0 cm at 30°C. To prevent direct reduction of MV 2+ , wavelengths of more than 300 nm of the Xe lamp with a cut-off filter were selected. An outline of the steady state photolysis experimental setup is shown in Figure 6 .
The production of the MV •+ was monitored by UV-Vis absorption spectrum. The concentration of the single-electron reduced form of MV 2+ produced is determined by using UV-vis absorption spectroscopy with the molar absorption coefficient, Figure 7 shows the time dependence of MV
•+ produced with irradiation time in a solution consisting of TEOA, TiO 2 nanoparticle and MV 2+ under N 2 (square) and CO 2 saturated (circle) and dark (©) conditions. In both cases of N 2 and CO 2 saturated conditions, the MV
•+ was produced with increasing irradiation time. After 120 min irradiation, the concentrations of MV •+ in the N 2 and CO 2 saturated conditions were estimated to be 149 and 100¯M, respectively. The yields of the conversion of MV 2+ to MV •+ in the N 2 and CO 2 saturated conditions after 120 min irradiation were estimated to be c.a. 30 and 20%, respectively. The yield of MV
•+ production in CO 2 saturated condition was slightly lower than that in N 2 saturated condition. Although the experiment was carried out under CO 2 gas saturation, small amounts of O 2 containing CO 2 gas were not completely removed. As MV
•+ is very sensitive to O 2 , thus, an induction period appeared in the MV 2+ photoreduction under the CO 2 saturated conditions. In contrast, no MV
•+ production in the dark or without TiO 2 nanoparticle was observed.
For the light-driven CO 2 reduction to formic acid experiment, FDH (7.5¯M) was added to the MV 2+ photoreduction under CO 2 saturation described above. The amount of formic acid was detected by ion chromatography (Dionex ICS-1100; electrical conductivity detector). As a reference, light-driven CO 2 reduction using ZnTPPS as a sensitizer instead of TiO 2 nanoparticle was carried out. Figure 8 shows the time dependence of CO 2 reduction to formic acid production with the systems of TEOA, TiO 2 nanoparticle, MV 2+ and FDH (closed circle) and TEOA, ZnTPPS, MV 2+ and FDH (open circle). After 120 min irradiation, 152 and 85¯M of formic acid were produced in the system using TiO 2 nanoparticle and ZnTPPS (85.0¯M) as a sensitizer, respectively. Under the same conditions, the amount of formic acid produced was increased in the system using TiO 2 nanoparticle than in the system using ZnTPPS. In contrast, no formic acid production was observed in the dark (©), without FDH ( ), without TiO 2 nanoparticle, or MV 2+ (data not shown in Figure 8 ). It was found that CO 2 was not reduced to formic acid even in the absence of one of the above four components, TEOA, TiO 2 nanoparticle, MV 2+ and FDH. In the product analysis by ion chromatography, the bicarbonate decreased with formic acid production. No by-products were detected in the reaction system. Therefore, the formic acid produced was not decomposed within the 2 h light irradiation. When the concentration of FDH increased up to 15¯M, moreover, the amount of formic acid produced after 2 h irradiation increased about two-fold (260¯M) in this system, so the rate-determining step is the catalytic reaction of FDH with MV
•+ . The turnover numbers of FDH in the system using TiO 2 nanoparticle and ZnTPPS were estimated to be 10.1 and 5.7 h ¹1 , respectively. From these results, the effective light-driven CO 2 reduction to formic acid with FDH, the hybrid system consisting of photocatalyst TiO 2 nanoparticle, MV 2+ and FDH in the presence of TEOA was accomplished compared with that using conventional dye molecule ZnTPPS.
In this work, to develop the effective light-driven CO 2 reduction to formic acid with FDH, a hybrid system consisting of photocatalyst TiO 2 nanoparticle, MV 2+ and FDH in the presence of TEOA was investigated. When the CO 2 saturated buffer solution containing TEOA, TiO 2 nanoparticle, MV 2+ and FDH was irradiated, formic acid was produced with increasing irradiation time. Now we are trying to develop a hybrid system with various visible-light responding semiconductor photocatalysts, BP and FDH for more effective CO 2 reduction.
